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Abstract

Aerosols play a critical role in modulating the land-atmosphere energy balance, influencing
regional climate dynamics, and affecting air quality. Xinjiang, a typical arid and semi-
arid region in China, frequently experiences dust events and complex aerosol transport
processes. This study provides a comprehensive analysis of the spatiotemporal evolution
and potential source regions of aerosols in Xinjiang from 2005 to 2023, based on Moderate
Resolution Imaging Spectroradiometer (MODIS) aerosol products (MCD19A2), Cloud-
Aerosol Lidar and Infrared Pathfinder Satellite Observation (CALIPSO) vertical profiles,
ground-based PM; 5 and PM;y concentrations, MERRA-2 and ERAb5 reanalysis datasets,
and HYSPLIT backward trajectory simulations. The results reveal pronounced spatial
and temporal heterogeneity in aerosol optical depth (AOD). In Northern Xinjiang (NX]),
AOD exhibits relatively small seasonal variation with a wintertime peak, while Southern
Xinjiang (SX]) shows significant seasonal and interannual variability, characterized by high
AOD in spring and a minimum in winter, without a clear long-term trend. Dust is the
dominant aerosol type, accounting for 96.74% of total aerosol content, and AOD levels are
consistently higher in SX]J than in NX]J. During winter, aerosols are primarily deposited
in the near-surface layer as a result of local and short-range transport processes, whereas
in spring, long-range transport at higher altitudes becomes more prominent. In NX], air
masses are primarily sourced from local regions and Central Asia, with stronger pollution
levels observed in winter. In contrast, springtime pollution in Kashgar is mainly influenced
by dust emissions from the Taklamakan Desert, exceeding winter levels. These findings
provide important scientific insights for atmospheric environment management and the
development of targeted dust mitigation strategies in arid regions.

Keywords: aerosols; aerosol source; spatiotemporal patterns; backward trajectory; CWT

1. Introduction

Aerosols refer to solid or liquid particles suspended in the atmosphere, originating
from both natural processes such as wind-blown dust and volcanic eruptions, as well
as human activities, including industrial emissions and fossil fuel combustion. Aerosols
influence the Earth’s radiative balance by absorbing and scattering solar radiation [1].
Additionally, aerosols can serve as cloud condensation nuclei or ice nuclei, thereby affecting
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cloud formation and precipitation processes [2]. Aerosols can persist in the atmosphere
from hours to weeks. Driven by atmospheric circulation, meteorological conditions, and
topography, they undergo interregional transport and redistribution [3], with significant
impacts on local and global air quality, climate change, human health, and ecosystems [4-7].
Aerosols consist of suspended particles ranging in size from nanometers to tens of mi-
crometers and are ubiquitously distributed throughout the atmosphere. Based on particle
size, atmospheric particulate matter is typically classified as inhalable particulate matter
(PM;, particles smaller than 10 um) and fine particulate matter (PM, 5, particles smaller
than 2.5 um). Both PM; 5 and PM; are important indicators of air quality, and there is a
significant correlation between them and aerosol optical depth (AOD). Therefore, PM; 5
and PM;9-PM; 5 (PM;(_55) are commonly used as typical indicators of fine and coarse
aerosols for research purposes [8,9].

A large body of research has focused on the sources and transport of aerosols, with
study areas primarily concentrated in regions such as Central Asia, the Sahara Desert,
and the Australian Outback [10-12]. Previous studies have indicated that the primary
type of aerosol in Central Asia is dust aerosol, mainly originating from the Taklimakan
Desert and the Gobi Desert in Inner Mongolia. During transboundary dust transport
in Asia, approximately 30% of the dust is redeposited over desert regions, while 20% is
transported on regional scales. Some of the dust travels through the Hexi Corridor and
the Loess Plateau to reach southeastern China. The remaining 50% enters the westerly
wind belt, disperses globally, and can ultimately be transported from the continent to the
open seas near Korea and Japan, even reaching eastern North America [13-15]. The sources
of aerosols in Central Asia exhibit clear seasonal characteristics, with aerosols in spring
and summer primarily coming from external transport, whereas aerosols in autumn and
winter are mostly derived from local emissions [16]. Under the influence of the westerlies,
aerosol events in Central Asia are most frequent in spring, with transport often further
influenced by low-pressure systems, which enhance the long-range transport capacity and
spatial diffusion of aerosols [17]. Long-range transport not only affects the local climate
and environment but also enhances boundary layer stability, which in turn exacerbates
pollutant accumulation and contributes to persistent pollution episodes [18].

Xinjiang is the land-based core of the Belt and Road Initiative’s western extension and
acting as a ‘golden passage’ connecting China to Central Asia, Western Asia, and even
Europe. Xinjiang is home to deserts such as the Taklamakan and the Gurbantiinggiit, char-
acterized by an arid climate, low precipitation, sparse vegetation, and strong winds, leading
to frequent dust storms every year [19], which result in the emission of large amounts
of dust aerosols into the atmosphere [20]. In addition to the widespread natural dust
sources, Xinjiang also faces anthropogenic pollution sources such as industrial emissions
and transportation. The combined effects of natural and anthropogenic sources make the
aerosol types more complex, with chemical composition and optical properties showing
significant regional heterogeneity, thereby having a substantial impact on the atmospheric
environment and climate system [21]. Previous studies on aerosols have primarily focused
on satellite remote sensing and meteorological station monitoring, utilizing Moderate Reso-
lution Imaging Spectroradiometer (MODIS), Cloud-Aerosol Lidar and Infrared Pathfinder
Satellite Observations (CALIPSO), and the Aerosol Robotic Network (AERONET) to an-
alyze the three-dimensional distribution of aerosol [22,23]. Additionally, meteorological
reanalysis data and the Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT)
model have been widely used to further investigate the sources and transport pathways
of aerosols [24-26]. Chen et al. developed high-resolution monthly AOD datasets for
northwestern China and found that aerosols exhibited pronounced seasonal variations,
with AOD peaking in spring and reaching a minimum in autumn [27]. Ge et al. employed
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the HYSPLIT model to investigate the potential transport characteristics of dust and saline
particles in the Ebinur Lake region of northern Xinjiang, revealing significant seasonal and
altitudinal differences in the potential dust transport pathways [28].

Numerous studies have examined the spatial distribution and transport pathways of
aerosols in Xinjiang, providing valuable insights into the sources and migration mechanisms
of regional pollutants. However, most of these studies have primarily focused on individual
years or short-term typical events, with relatively limited temporal coverage, making
it difficult to comprehensively capture the long-term evolution and seasonal variation
patterns of aerosols in the region. Conducting aerosol evolution studies over a longer
time series is essential for gaining deeper insights into the characteristics of atmospheric
environmental changes and their driving mechanisms in the region. Therefore, this study
focuses on Xinjiang as the research area and systematically analyzes the spatiotemporal
distribution characteristics and transport processes of regional aerosols by integrating
satellite remote sensing data and reanalysis datasets. The objective is to uncover the source
characteristics and transport pathways of aerosols across different seasons and subregions
of Xinjiang. This research contributes to a more comprehensive understanding of aerosol
transport mechanisms in the region and provides scientific support for regional air quality
assessment and pollution control.

2. Materials and Methods
2.1. Study Area

Xinjiang, located in northwestern China, features a complex and diverse topography
with substantial elevation differences. Its terrain is characterized by the “Three Mountains
and Two Basins” pattern: the Altai Mountains in the north, the Kunlun Mountains in
the south, and the Tianshan Mountains running through the central part of the region.
The Tianshan Mountains serve as a natural divide, separating Xinjiang into Northern
Xinjiang (NX]) and Southern Xinjiang (SX]) (Figure 1). The Junggar Basin is the main
lowland in Northern Xinjiang, with an elevation ranging from 200 to 1000 m. Southern
Xinjiang is centered around the Taklamakan Desert, the second largest shifting sand desert
in the world, with elevations between 800 and 1300 m. This region has a strong dust
source and frequent aerosol activity [29-31]. Representative cities such as Urumgi in
Northern Xinjiang and Kashgar in Southern Xinjiang exemplify industrial and desert-edge
urban types, respectively. Influenced by the combined effects of topography, climate,
and atmospheric circulation, these regions exhibit marked differences in aerosol source
composition, spatiotemporal distribution, and transport pathways [32].

2.2. Datasets and Products

The datasets and products used in this study are briefly summarized in the table below
(Table 1). The specific applications of each dataset are further described in the following sections.

Table 1. Summary of datasets and products used in this study.

Dataset Name Data Type Spatial Resolution Main Parameters/Usage
MCD19A2 Remote sensing product 1 km AOD (550 nm)
532 nm
CALIPSO Level 1B/VEM Remote sensing product Horizontal: 333 m, Vertical: backscatter/Aerosol

30-300 m vertical distribution, type
identification
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Table 1. Cont.
Dataset Name Data Type Spatial Resolution Main Parameters/Usage
MERRA-2 Reanalysis data 0.625° x 0.5° Aerosol column
mass density
. o o Wind fields,
ERA5 Reanalysis data 0.25° x 0.25 geopotential height

CHAP Integrated product 1 km PM, 5, PM;

GDAS1 Trajectory model input 1° x 1° Trajectory analysis driver
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Figure 1. Topographic map of Xinjiang. The gray dashed line in the figure indicates the boundary
between northern and southern Xinjiang. The area between this line and the blue solid line represents
NX]J, while the area between the dashed line and the red solid line represents SXJ.

2.2.1. MODIS Data

MCD19A2 is an AOD product derived from MODIS observations using the Multi-
Angle Implementation of Atmospheric Correction (MAIAC) algorithm. The MAIAC al-
gorithm enhances the accuracy of cloud detection, aerosol retrieval, and atmospheric
correction by applying time-series analysis that integrates both pixel-level and image-level
processing approaches [33]. The MCD19A2 product provides AOD data at 470 nm and
550 nm wavelengths, along with corresponding quality assurance information (AOD_QA).
Previous studies [34,35] have demonstrated that MAIAC AOD performs well in the Central
Asian region, including Xinjiang, showing strong agreement with ground-based AOD
measurements. Compared to the traditional MYD04 Deep Blue (DB) product, MAIAC
offers a greater volume of high-quality retrievals and improved accuracy across various
evaluation metrics, effectively addressing the lack of ground-based observation data in
the region. In this study, AOD data from the 550 nm band of MCD19A2 are used, with
high-quality data selected based on the AOD_QA band. The dataset spans from 1 Jan-
uary 2005 to 31 December 2023. Seasonal definitions are as follows: spring (March-May,
MAM), summer (June-August, JJA), autumn (September—-November, SON), and winter
(December—February, DJF, of the following year).



Remote Sens. 2025, 17, 2207

50f21

2.2.2. CALIPSO Profiles

The CALIPSO mission, jointly developed by the National Aeronautics and Space
Administration (NASA) and the French National Centre for Space Studies (CNES), was
launched on 28 April 2006. Operating in a near-polar sun-synchronous orbit, CALIPSO
is designed to monitor atmospheric clouds and aerosols. The satellite is equipped with
the Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), a dual-wavelength
polarization lidar that provides key atmospheric parameters such as backscatter coefficients
at 532 nm and 1064 nm, both during daytime and nighttime [36]. In this study, we utilized
CALIPSO Level 1B data and the Vertical Feature Mask (VEM) product to extract backscatter
profiles and identify and classify aerosol and cloud layers. These datasets enable a detailed
examination of the vertical distribution and composition of aerosols, providing insights
into their spatial variability in the vertical column. To improve data accuracy and reduce
the influence of solar interference, only nighttime observations were utilized in this study.

2.2.3. MERRA-2 Data

The Modern-Era Retrospective analysis for Research and Applications, Version 2
(MERRA-2), developed by the Global Modeling and Assimilation Office (GMAO) at NASA'’s
Goddard Space Flight Center (NASA /GSFC), is the second-generation reanalysis dataset
from the MERRA project [37]. In this study, the hourly diagnostic product M2TINXAER
(also referred to as tavgl_2d_aer_Nx) from MERRA-2 was employed to investigate the
spatiotemporal variations of different aerosol components over the Xinjiang region. Specifi-
cally, we used column mass density variables provided in this dataset—DUCMASS (dust),
BCCMASS (black carbon), OCCMASS (organic carbon), and SO4CMASS (sulfate)—to rep-
resent different aerosol types, which are predefined by the MERRA-2 system based on the
GOCART aerosol module.

2.2.4. ECMWF Data

The meteorological data used in this study were obtained from the fifth-generation
reanalysis dataset, ERA5, provided by the European Centre for Medium-Range Weather
Forecasts (ECMWEF). ERAS is currently one of the most accurate global reanalysis prod-
ucts, offering a spatial resolution of 0.25° x 0.25° and an hourly temporal resolution. It
assimilates a wide range of ground-based and satellite observations using an advanced
four-dimensional variational data assimilation system (4D-Var), and has been widely ap-
plied in climate and atmospheric environmental studies [38]. In this study, wind fields (U
and V components) and geopotential height at 850 hPa and 500 hPa were extracted from
ERADS to analyze the mid- and lower-tropospheric circulation characteristics and aerosol
transport pathways over the Xinjiang region.

2.2.5. CHAP Data

The China High-Resolution Air Pollution Dataset (CHAP) is a high-resolution dataset
developed for studying air quality and pollutant distributions across China. In this study,
CHAP-provided PM; 5 and PM;( concentration data were used [39,40]. The dataset em-
ploys artificial intelligence techniques to fill spatial gaps in satellite-derived MODIS MAIAC
AOD data by integrating model simulations, ground-based observations, atmospheric re-
analysis data, and emission inventories. As a result, it produces seamless surface pollutant
concentration data across China from 2000 to 2023. The accuracy and reliability of CHAP
have been rigorously validated by multiple studies, making it a valuable resource for air
pollution research.
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2.3. Methods
2.3.1. Sen’s Slope and Mann-Kendall Test

Sen’s slope is a widely used non-parametric method for estimating the linear trend in a
time series. It allows for the estimation of the rate of change without relying on assumptions
about the data distribution. The calculation formula is as follows:

. Xj— X L
Q:medzan( }i),lgzgjgn (1)

The Mann-Kendall (MK) test is a non-parametric statistical method widely used
for detecting the significance of trends in time series, particularly in environmental and
meteorological studies. Its advantages include independence from the data distribution,
robustness to missing values and outliers, and suitability for identifying non-linear trends.
The core test statistic is as follows:

3
|
_

Y. sg 2)

j=it1

i
g

where the sign function, sgn, is defined as follows:

sgn(xj— x;) = 0, xj—x=0 (3)

When the sample size n > 8, the normal distribution approximation can be applied, and
the test statistic Z is given by:

S-1L_ §>90
Var(S)
Z= 0, S=0 (4)
S+1 S<0
Var(S)’

At a significance level of « = 0.05, a trend is considered statistically significant when
the absolute value of the test statistic satisfies |Z|> 1.96. To facilitate the interpretation of
the trend analysis results, the combined use of Sen’s slope and the Mann-Kendall Z statistic
is categorized, as shown in Table 2.

Table 2. Trend classification based on Sen’s slope and MK Z-statistic.

Criteria Trend Features
Q>0and Z > 1.96 Significant increasing trend
Q<0and Z < —1.96 Significant decreasing trend
All other cases Non-significant or inconsistent trend

2.3.2. Backward Trajectory Analysis

In this study, the Meteolnfo software (v3.9.11) was employed to visualize atmospheric
trajectories and identify potential aerosol source regions. Meteolnfo is a visualization and
analysis platform that integrates Geographic Information System (GIS) capabilities and
supports trajectory simulation, statistical analysis, and spatial data visualization [41]. The
trajectory simulations were based on the Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) model [42], developed by the National Oceanic and Atmospheric
Administration (NOAA), which has been widely used for tracking air mass transport and
identifying pollution sources. The meteorological input for HYSPLIT was obtained from



Remote Sens. 2025, 17, 2207

7 of 21

NOAA'’s Global Data Assimilation System (GDAS), accessible via https://ready.arl.noaa.
gov/index.php (accessed on 24 April 2025). In this study, the backward trajectories were
computed with a temporal resolution of 6 h, a duration of 48 h, and starting altitudes above
ground level of 0.5 km and 1.5 km to analyze aerosol transport characteristics at different
atmospheric levels. However, since backward trajectories track the movement of air masses
rather than pollutants in the atmosphere, they cannot identify the relative contribution
of different assumed source regions to air pollution in the study area. To further analyze
the potential source regions of pollutants, the Concentration Weighted Trajectory (CWT)
method was subsequently employed [43,44].

CWT is a trajectory-based source apportionment method used to identify potential
source regions contributing to regional pollution. This method combines air mass trajec-
tories with ground-based pollutant concentration data, calculating the average pollutant
concentration associated with each air mass at every grid cell. It quantifies the potential
contribution of each region to the pollution levels at the receptor point. The calculation
method is as follows:

The study region is divided into a grid of i x j cells. For each grid cell (i, ), the CWT
calculation formula is as follows:

N
Cwr = HIL ST ©
k=1 Tijk

where C represents the pollutant concentration associated with the k-th trajectory, 7
denotes the residence time of the k-th trajectory within grid cell (i,j), and N is the total
number of trajectories. To reduce the uncertainty in regions with low trajectory frequency, a
weight function is typically introduced to adjust the CWT values, resulting in the Weighted
Concentration Weighted Trajectory (WCWT) method [45]. The core concept of WCWT is
to assign lower confidence to grid cells with fewer trajectories, thereby downscaling their
potential impact on the receptor site. A commonly used weighting function is defined as:

1.0, Tll] > 3naz;g
W, 0.7, l.5nm,g < njj < 3nm,g
T ) 042, tagg < mij < 15000,

0.05, 1’11‘]‘ S na(]g

where W;; is the weight for grid cell (i, ), n;; denotes the number of trajectories passing
through grid cell (7,]), and ngyg represents the average number of trajectories across all
grid cells. The final form of the WCWT is then given by:

WCWT;; = W;;-CWT;; )

3. Results

3.1. Spatiotemporal Characteristics of Aerosols over Xinjiang
3.1.1. The Spatiotemporal Variation Characteristics of AOD

Figure 2 illustrates the spatial distribution characteristics of AOD across Xinjiang
during each season from 2005 to 2023. Overall, a clear distinction in AOD levels between
southern and northern Xinjiang is observed, with SXJ generally exhibiting higher AOD
values than NX]J. In SX], higher AOD values are primarily concentrated in the Taklamakan
Desert and surrounding areas, while in NX]J, high AOD values are mainly found around
the cities located to the north of the Tianshan Mountains. During spring, SX] experiences
the highest AOD, with an average value reaching 0.8, while AOD decreases sequentially
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through summer, autumn, and winter, with winter averaging only about 0.25. Notably,
during winter, the AOD levels in NX]J are comparable to those in SX]J. Figure 3 shows
the interannual variability of AOD in both SXJ and NX]J from 2005 to 2023. Although
seasonal and regional differences exist, the overall annual mean AOD across Xinjiang has
not shown a distinct monotonic increase or decrease over the past two decades. Spring in
SXJ consistently exhibits the highest AOD with considerable interannual fluctuation, while
AOD in NX]J shows a more stable seasonal variation, fluctuating between 0 and 0.2, with

relatively higher values observed in winter.
(b)JJA

(a)MAM

Figure 2. The spatial distribution of the mean AOD values in Xinjiang for the four seasons from 2005

to 2023.
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Figure 3. The AOD time series of the four seasons in southern and northern Xinjiang from 2005 to 2023.

Trend analysis using Sen’s slope estimation and the Mann-Kendall test was performed
to assess the significance and direction of seasonal changes. As the results were largely
non-significant, they are summarized in the Supplementary Materials Figure S1.
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3.1.2. The Spatial Distribution and Differences in Aerosol Components

Xinjiang, located in the heart of the Eurasian continent, is characterized by its arid cli-
mate, strong winds, and the presence of the Taklamakan Desert, making dust aerosols (DU)
the predominant atmospheric aerosol type in the region [46]. Moreover, the exploitation
and utilization of resources such as coal and oil release significant quantities of anthro-
pogenic aerosol components, such as organic carbon (OC), black carbon (BC), and sulfate
aerosols (504). Under specific meteorological conditions, these anthropogenic aerosols can
mix with natural dust particles, forming polluted dust with enhanced hygroscopicity and
radiative effects [47].

Figure 4 illustrates the spatial distribution of column mass density for major aerosol
components across Xinjiang. Dust aerosols show marked spatial variation between south-
ern and northern regions. High concentrations are primarily located in desert areas, with
the Taklamakan Desert being the most prominent, followed by the Gurbantiinggtit Desert
in the north. In contrast, anthropogenic aerosols such as sulfates, black carbon, and organic
carbon exhibit a more uniform distribution, with elevated levels near urban and industri-
alized areas. Dust aerosols exhibit substantially higher column mass densities than other
aerosol types, followed by sulfates, organic carbon, and black carbon. Figure 5 presents the
seasonal variation in the column mass density of major aerosol components across Xinjiang.
In NX]J, dust aerosols account for 94.13% of the total column mass, while in SX]J, the propor-
tion increases to 97.77%. In the north, dust aerosol levels exhibit a clear seasonal decline
from spring to winter. In contrast, in the south, dust concentrations remain relatively high
during summer, whereas the north sees a noticeable drop in the same period. This contrast-
ing pattern may be attributed to regional differences in precipitation, as increased summer
rainfall in the north likely enhances the wet deposition of dust aerosols [48]. Meanwhile,
sulfates, organic carbon, and black carbon show minimal seasonal variation, with relatively
minor differences between the two subregions.

(a)DU (b)SO4

o
Column Mass Density (mg/m?)

Figure 4. Spatial distribution of column mass density of the main aerosol components in Xinjiang.
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Figure 5. Seasonal column mass density of major aerosol components in Xinjiang.

3.1.3. The Spatiotemporal Variation Characteristics of PM; 5 and PMj

PMj; 5 and PMjy are commonly used indicators of ground-level aerosol mass concen-
trations and effectively reflect variations in near-surface aerosol levels. To a certain extent,
they serve as representative parameters for assessing changes in surface aerosol loading
and are widely applied in air quality evaluations as well as comparative analyses with
satellite-derived retrievals [49]. The spatial distribution characteristics of PM; 5 and PMj
closely resemble those of AOD (Figure S2 in the Supplementary Materials). During spring,
summer, and autumn, PM; 5 concentrations in SXJ remain consistently high. In winter,
however, a notable increase in PM; 5 is observed in NX]J, particularly in urban areas such as
Urumgqi, while the overall concentrations in SXJ are relatively low, with elevated values
only in localized areas such as the western Taklamakan Desert and the city of Kashgar.
In contrast, PMjg concentrations in SXJ are generally high throughout all seasons, and in
winter, elevated PMj levels are also observed in northern cities including Urumgi.

To more intuitively reveal the long-term aerosol evolution in key regions of Xinjiang,
Urumgi and Kashgar were selected as representative cities of northern and southern
Xinjiang, respectively. Both cities exhibit distinct seasonal variations, with elevated levels
primarily in spring and winter, while long-term trends remain ambiguous (Figure S3 in
the Supplementary Materials). Notable differences are observed between the two cities:
Kashgar consistently records higher concentrations of both PM; 5 and PM;y compared to
Urumgi. Specifically, the annual mean concentrations of PM; 5 and PM;g in Kashgar reach
96.78 pg/m> and 276.22 pg/m?, respectively, substantially exceeding those in Urumgi,
which are 57.23 ug/m3 and 117.56 pg/m3.

3.2. Characteristics of Aerosol Transport in Typical Spring and Winter in Xinjiang

This study focuses on spring and winter, the seasons exhibiting the most pronounced
spatiotemporal variations in aerosol distribution. Taking the year 2022 as a representative
case, an in-depth analysis is conducted from the perspectives of aerosol vertical distribu-
tion characteristics, meteorological drivers, and backward trajectory and source region
identification, in order to elucidate the seasonal differences in aerosol transport pathways
and source structures between southern and northern Xinjiang.

In 2022, the temporal trends of PM; 5 and PM; concentrations in Urumgi and Kashgar
were generally consistent; however, Urumgqi showed more distinct seasonal variations
(Figure 6). In Urumgqi, both PM; 5 and PM;( concentrations peaked during winter and
gradually declined in spring. Concurrently, the PM, 5/PM; ratio also decreased, indi-
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cating a relative reduction in the proportion of fine particles. Starting in November, both
concentrations and their ratio began to rise again, suggesting a transitional shift in pollu-
tion characteristics from autumn to winter. In contrast, aerosol concentrations in Kashgar
remained relatively stable, though the PM, 5/PM;j ratio also showed a downward trend
from winter to spring before stabilizing. Notably, Kashgar exhibited several prominent
concentration peaks not only in spring and winter but also during summer and autumn,
highlighting a more complex seasonal profile of aerosol pollution in SXJ.

(a)Urumqi

200

Concentration (ug/m?)

100

10 1200 10
— PMys — PMas
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Figure 6. Time series of PM; 5, PM;, and PM; 5/PMj Ratio in Urumgqi and Kashgar (2022).

In order to study the vertical distribution characteristics of aerosols in Xinjiang during
spring and winter, the backscattering coefficients and vertical characteristic mask products
of CALIPSO on 5 February and 4 April 2022 were analyzed. As can be seen from Figure 7,
the aerosols on 5 February were mainly distributed near the ground, highly concentrated
below 5 km. Aerosol types include both dust aerosols and polluting dust components.
Compared with the CALIPSO backscattering profile in February, the profile on 4 April
shows a significantly enhanced backscattering signal in the 5-12 km upper layer, indicating
an increase in aerosol concentration within this height range. Combined with the VFM
data, it can be seen that aerosols are widely distributed within this height range, indicating
that these aerosols may originate from the high-altitude transportation process. Such
phenomena are usually closely related to the vertical atmospheric transport mechanism,
especially in spring, when strong winds and unstable atmospheric clots facilitate the lifting
and long-distance transport of ground dust and polluting aerosols. The SX] and NX] regions
show relatively consistent characteristics in terms of aerosol types, mainly consisting of
sand and dust aerosols, accompanied by a small amount of pollution-type aerosols. In
spring, sand and dust activities are frequent. Under the influence of strong winds, deserts
and arid areas are prone to generating a large amount of sand and dust aerosols. At the
same time, pollutants produced by human activities may also be mixed in, forming aerosol
components with certain complexity.

Further analysis, combined with wind vector and geopotential height maps at the
time of the satellite overpasses (Figure S4 in the Supplementary Materials), reveals that
on 5 February, at the 500 hPa level, a distinct geopotential height low-value center was
observed over western Xinjiang, indicating the influence of a mid- to upper-level low-
pressure system. Under the influence of this system, southeastern winds in NX]J, however,
the low wind speeds were not conducive to horizontal aerosol transport, resulting in
the accumulation of pollutants near the surface. In contrast, SX] experienced stronger
northwesterly winds, suggesting a certain potential for horizontal transport. However, the
absence of significant upper-level aerosol activity in the CALIPSO observations indicates
that the wind field had not yet triggered significant high-altitude transport processes.



Remote Sens. 2025, 17, 2207 12 of 21

2022-02-05 -
21:21:00 21:21:30 21:22:00 21:22:30 21:23:00 21:23:30 21:24:00 21:24:30 (s

2022-04-04
21:32:00 21:32:30 21:33:00 21:33:30 21:34:00 21:34:30 21:35:00 21:35:30

0.0900 00900 g
0.0500 £ “
00100
0.0065 3
00045 §
0.0025 ¥
0.0009 §
0.0005 2
0.0001 £

0.0005 £
0.0001 %

kS °
no signal no signal

subsurface subsurface
surface surface
stratospheric

100 aerosol
aerosol

aerosol
75
¢ - cloud 50 cloud
: L g clear air X clear air
25 mﬁ“ 2.5 A\
o jw‘ AJ invalid 0 or ¥ ‘M T invalid

other other
175 175

smoke smoke
150 polluted 5.0 polluted
125 dust 125 C dust

continental continental
100 lluted 100 liuted

stratospheric
rosol

Altitude
Altitude
5
°

75 continental 75

I continental
dust x 1 dust
5.0 1 f ‘l .‘H = clean 50 I § 0 - clean
Y — i " ™ marine 25 _ o marine
. .\.Ld: Iy = ol not aerosol | ks - | i not aerosol

0.0 0.0
89.39 88.20 87.10 86.08 85.12 84.23 87.90 86.70 85.61 84.59 83.63 82.73
50.00 47.06 44.10 41.10 38.08 35.04 49.99 47.05 44.09 41.09 38.07 35.03

Figure 7. CALIPSO 532 nm total attenuation backscattering coefficient, vertical characteristic mask,
and aerosol type (UTC) for 5 February 2022 (left) and 4 April 2022 (right). The blue, black, and red
dashed lines represent the intersections of the satellite trajectory with the northern boundary of NXJ, the
boundary between northern and southern Xinjiang, and the southern boundary of SXJ, respectively.

At the 850 hPa level, a geopotential height low-value center was still present in the
northwestern part of Xinjiang, while a high-value center appeared in the northeastern
region, possibly influenced by the terrain. This led to a highly uneven wind vector field:
in NX]J, wind speeds were high, but the wind directions were chaotic, indicating frequent
lower-level disturbances and a lack of a sustained prevailing wind direction, which is
unfavorable for long-range transport. In contrast, SX] experienced lower wind speeds with
similarly disordered wind directions, reflecting a more stable lower atmosphere where
uplift and transport processes were limited. Although disturbances existed in both the
upper and lower atmosphere, the combined effects of wind speed, wind direction, and
vertical dynamics resulted in a localized accumulation of aerosols, with a lack of favorable
conditions for large-scale vertical or horizontal transport.

At the 500 hPa level on 4 April, NX]J experienced strong northwesterly winds, with a
distinct northwesterly transport channel at higher altitudes, providing favorable conditions
for aerosol transport at elevated levels. There was also a transport path extending over
the Tianshan Mountains toward SXJ, suggesting the possibility of pollutants from NXJ
being transported to SX]J via upper-level winds. At 850 hPa, the lower atmosphere in NX]
was relatively stable with low wind speeds, while in SX]J, the wind directions were more
chaotic, indicating local disturbances that caused uneven low-level airflow. Overall, the
atmospheric circulation was weak, hindering the diffusion of surface pollutants.

To investigate the origins and transport characteristics of air masses over Urumgqi and
Kashgar during the spring and winter of 2022, backward trajectory cluster analysis was
conducted at two representative altitudes: 500 m and 1500 m above ground level. The
potential source regions of air masses were categorized into the following geographic domains:
Central Asia (including Turkmenistan, Uzbekistan, Kyrgyzstan, Tajikistan, and Kazakhstan),
West Asia (covering Turkey, Iran, Iraq, and 16 additional countries and regions), South Asia
(including India, Pakistan, and five other nations), Russia, Mongolia, Europe, and Local. Air
masses were classified as “Local” if their trajectory endpoints fell within the boundaries of
Xinjiang. To further assess potential interactions or mutual influence between northern and
southern Xinjiang, locally sourced air masses were subdivided into NXJ and SX] based on their
trajectory endpoints. This approach allows for a detailed examination of regional transport
patterns and the extent to which interregional aerosol exchange occurs within Xinjiang.
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Figure 8 presents the backward trajectories of air masses at 500 m and 1500 m over
Urumgi and Kashgar during the spring and winter of 2022. In winter, air masses at 500 m
over Urumgi were predominantly of local origin, accounting for 68.64% of all trajectories,
with the remainder primarily originating from Central Asia. Similarly, in Kashgar, local
air masses made up 62.43% of the total, while the rest mainly came from northern West
Asia. At the 1500 m level, air masses exhibited longer transport distances. The proportion
of locally sourced trajectories over Urumgqi decreased to 38.33%, with the remaining three
trajectory clusters originating from Central Asia. In Kashgar, the proportion of local air
masses further dropped to 29.01%, with the rest sourced from northern West Asia and
southern Central Asia.
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Figure 8. Backward trajectories of air masses for Urumgqi and Kashgar in 2022.

During spring, 500 m air masses over Urumgi were again dominated by local sources
(77.69%), with the rest coming from eastern Central Asia. In Kashgar, 56.48% of the air
masses were local, while 12.95% were traced to the Taklamakan Desert—an origin not
observed in winter—and the remainder were from northern West Asia and southern Central
Asia. At 1500 m altitude in spring, the air mass transport range expanded. Over Urumqji,
the proportion of local trajectories dropped to 36.74%, with the remainder mainly from
Central Asia. In Kashgar, only one trajectory cluster was of local origin (29.35%), while
the others originated from West Asia, northern Central Asia, and regions in Central Asia
adjacent to Kashgar. Overall, the analysis indicates that lower-altitude air masses (500 m)
in both spring and winter exhibit strong local characteristics, whereas higher-altitude air
masses (1500 m) are more significantly influenced by long-range transport.

In conjunction with ground-based PM; 5 observations, the CWT method was employed
to further identify potential source regions and assess the seasonal and vertical variations
in air mass influence on regional pollution (Figure 9). At 500 m during winter, high CWT
values over Urumgi were primarily concentrated in the urban periphery, indicating that
local emissions were the dominant source of pollution, with limited contribution from
regional transport. In contrast, Kashgar exhibited not only local high-value zones but
also significant CWT values over parts of West Asia, suggesting a notable influence from
long-range transported pollutants during the winter season.
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Figure 9. Spatial distribution of CWT for Urumgi and Kashgar in 2022.

At 1500 m during winter, the spatial extent of high CWT values broadened. Potential
source regions for Urumgqi extended westward into Central Asia, indicating an increased
contribution from long-range upper-air transport. Similarly, high CWT zones over Kashgar
expanded southwestward, suggesting a greater influence of transboundary pollution at
higher altitudes.

During spring, overall CWT values were lower than in winter, indicating a reduced
level of regional pollution. In Urumgqi, high-value areas became more spatially concentrated,
suggesting a more localized impact from pollution sources. In contrast, Kashgar showed an
emerging trend of potential sources expanding toward the Taklamakan Desert, particularly
at the 1500 m level, where the influence of elevated layers became more pronounced. These
results highlight distinct seasonal and vertical differences in the spatial patterns of potential
aerosol source regions, emphasizing the stronger role of long-range transport in winter and
at higher altitudes, especially for SX]J.

To further explore the long-term evolution of aerosol transport over Xinjiang, a system-
atic analysis of air mass trajectories and source region distributions from 2005 to 2023 was
conducted (Figures 10 and 11). During winter, air masses arriving in Urumgqi predominantly
originated from local and Central Asian regions, with fewer trajectories traced to Russia and
SXJ. Notably, no air masses originated from local sources in 2008 and 2009; in 2008, a small
number were traced to SXJ, whereas in 2009, all trajectories originated from Central Asia.
Overall, the distribution of source regions showed no significant interannual variation. At
1500 m, the origin characteristics of air masses changed markedly: the proportion of locally
sourced air masses decreased significantly, while those from Central Asia increased. In
spring, compared with winter, the share of local air masses further declined, and trajectories
at 1500 m showed expanded source regions, including Mongolia and Europe. Overall, with
increasing altitude, the contribution from local sources diminished, whereas the influence
of long-range transport became more prominent. The analysis of air mass origins over
Kashgar during winter indicates that they primarily originated from local regions, Central
Asia, and West Asia. At 500 m, the proportion of locally sourced air masses remained low
before 2010, but increased significantly thereafter, accompanied by a rise in the contribution
from West Asia. At 1500 m, air masses from South Asia appeared among the source regions,
while those from West Asia became dominant and the share of local air masses declined.
During spring, Kashgar’s air masses were mainly sourced from local areas and Central
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Asia, with a reduced proportion from West Asia. Similar to the pattern observed in Urumgji,
an increase in trajectory altitude led to a lower contribution from local sources.
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Figure 10. The source of backward trajectories of air masses in Urumgqi from 2005 to 2023.
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Figure 11. The source of backward trajectories of air masses in Kashgar from 2005 to 2023.

Figures 12 and 13 depict the spatial distribution of CWT values at 500 m and 1500 m
above ground level over Urumgqi and Kashgar during spring and winter from 2005 to
2023. The spatial and temporal patterns presented are generally consistent with those
observed in Figure 9. In winter, potential pollution sources in Urumgi are primarily
confined to the local area, highlighting the dominant role of local emissions in regional
air pollution. However, at 1500 m above ground level, the source regions extend into
Central and Western Asia, indicating a greater contribution from long-range transport
at higher altitudes. In spring, the spatial distribution of source regions becomes more
dispersed, although local sources still prevail overall. This pattern suggests that regional
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atmospheric circulation exerts a stronger influence in spring, leading to more complex
pollutant transport pathways. Notably, the extension of source regions across the Tianshan
Mountains to the southern slopes implies that pollutants from SX]J may be transported
northward across the mountain barrier. In Kashgar, winter pollution sources are primarily
concentrated locally and over southern Central Asia and northern Western Asia, with a
pronounced southwestward extension. This distribution may be attributed to low wind
speeds and stable meteorological conditions during winter, which suppress the northward
transport of dust from the Taklimakan Desert. In contrast, during spring, elevated CWT
values are prominently centered over the Taklimakan Desert, indicating that dust transport
becomes a key driver of regional air pollution. Moreover, at the 1500 m level, potential
source regions extend northward toward NX]J, possibly due to springtime meteorological
conditions that facilitate southward pollutant transport through lower-altitude mountain
passes or valleys in the eastern Tianshan range.
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Figure 12. Spatial distribution of CWT in Urumgi from 2005 to 2023.
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Figure 13. Spatial distribution of CWT in Kashgar from 2005 to 2023.
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4. Discussion

This study first employed high-resolution MCD19A2 AOD data, in conjunction with
MERRA-2 aerosol reanalysis, to examine spatial differences in AOD across Xinjiang from
2005 to 2023, focusing on regional and seasonal variations as well as dominant aerosol
types. In addition, the Chinese high-resolution air quality dataset (PM; 5 and PMj; 5) was
used to analyze the distribution of near-surface aerosols and to investigate the temporal
trends in PM, 5 and PM; concentrations.

The results reveal significant spatial heterogeneity and seasonal variability in aerosols
over Xinjiang. AOD levels in SX] are markedly higher than those in the north, which is
unsurprising given the presence of the Taklamakan Desert—a major source of dust in the
region. This is particularly evident in spring, when AOD, PM; 5, and PM;( concentrations
in SX] increase substantially. This phenomenon is likely closely related to the region’s
unique climatic conditions and complex topography. In spring, SX] typically experiences
arid and rain-scarce conditions. Coupled with the intensified westerlies and strong at-
mospheric circulation, loose surface materials are more easily lifted into the atmosphere,
leading to frequent dust storm events. Additionally, the Tarim Basin, characterized by
a typical enclosed topography, hinders both horizontal dispersion and vertical dilution
of aerosols. This facilitates the accumulation of dust and other particulates, resulting in
high concentrations of aerosol layers in the region [50]. In contrast, NX]J exhibits severe
aerosol pollution during winter, which may be closely related to emissions from centralized
heating systems [46,51]. The region is often dominated by cold high-pressure systems in
winter, accompanied by low temperatures, frequent temperature inversions, and enhanced
near-surface atmospheric stability. Furthermore, generally low wind speeds during this
season suppress vertical mixing, thereby allowing pollutants to accumulate near the surface
and contributing to elevated AOD levels [52].

Dust aerosol is the predominant aerosol type in both southern and northern Xinjiang,
with a pronounced seasonal pattern characterized by concentrations highest in spring,
followed by summer and autumn, with the lowest in winter [53]. The column mass densities
of black carbon, organic carbon, and sulfate aerosols show little difference between the
north and south. This is likely due to the relatively weak anthropogenic emission intensity
in both regions. Although NXJ has higher levels of urbanization and industrial activity,
the small-scale differences in local emissions are not significant at the resolution of the
MERRA-2 dataset [54].

To further analyze the sources and transport of aerosols in northern and southern
Xinjiang, CALIPSO profile data, ERA5 reanalysis data, and backward trajectory models
were utilized. Taking 2022 as a case study, a detailed analysis of the vertical distribution
characteristics, meteorological drivers, and sources of aerosols in Urumgqi and Kashgar
during spring and winter was conducted. The study found that in winter (5 February
2022), aerosols were predominantly deposited at the surface, with short-distance transport
primarily occurring at low altitudes. Both northern and southern Xinjiang experienced
pollutant-laden dust aerosols, a result of increased anthropogenic aerosol emissions due
to heating activities during the winter [55]. Additionally, unfavorable meteorological
conditions, such as low temperatures and atmospheric stability, exacerbated the accumu-
lation of pollutants. Moreover, the influence of surrounding deserts led to the presence
of natural dust aerosols in the region. The interaction of anthropogenic pollution sources
and natural dust sources contributed to the complex aerosol characteristics observed. In
contrast, during spring (4 April 2022), a noticeable phenomenon of high-altitude aerosol
transport emerged, with a reduction in pollutant-laden dust. Wind direction, wind speed,
and atmospheric pressure played a crucial role in aerosol transport [56]. The atmospheric
circulation at 500 hPa was relatively stable, with a consistent wind direction and high wind
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speeds, which facilitated long-range aerosol transport. In comparison, at lower altitudes
(850 hPa), the wind direction was more chaotic with significant local disturbances, making
the aerosol transport direction unstable and limiting the transport distance, leading to
potential retention and accumulation.

Additionally, aerosol transport is influenced by topography. Both the significant
differences in AOD between northern and southern Xinjiang and the backward trajectory
analyses for Urumgqi and Kashgar demonstrate that the Tianshan Mountains act as a
barrier [57], preventing large-scale air mass exchange between the two regions. In Urumgi,
air masses primarily originate from local and Central Asia sources, with local pollution
dominating in winter, while the monsoon in spring reduces the influence of local pollution.
Similarly, in Kashgar, pollution mainly comes from local sources and northern Western
Asia. In winter, local contributions dominate, but in spring, the region is more susceptible
to pollution from the central part of the Taklamakan Desert. Furthermore, the increase in
air mass altitude not only extends the transport distance but also reduces the proportion
of local air masses. Considering that extending the backward trajectory simulation time
increases the uncertainty of the results, the simulation time in this study was set to 48 h,
and therefore no significant long-range transport phenomena were observed.

5. Conclusions

This study systematically investigates the spatiotemporal variation characteristics
and potential transport sources of aerosols in Xinjiang from 2005 to 2023, based on remote
sensing data, reanalysis datasets, and backward trajectory models. The main conclusions
are as follows:

(1) The Aerosol Optical Depth (AOD) in Xinjiang exhibits significant spatiotemporal
distribution characteristics. In terms of temporal scale, NX] shows small seasonal
fluctuations, with the peak AOD occurring in winter, while SX]J exhibits clear seasonal
variation, with the highest AOD in spring and the lowest in winter, and significant
interannual variability. However, no clear upward or downward trend is observed
overall. Spatially, the AOD in SX]J is generally higher than in NXJ, with high AOD
values primarily found in urban areas of NX]J. Overall, dust aerosols are the dominant
aerosol type in Xinjiang.

(2) In winter, aerosols in Xinjiang mainly deposit in the near-surface layer, influenced by
local and short-distance transport. In contrast, spring shows a distinct characteristic
of high-altitude long-range transport. With increasing air mass height, the contribu-
tion of local air masses gradually decreases, and the transport distance significantly
increases. Backward trajectory analysis shows that pollution air masses in Urumgqi
mainly originate from local and Central Asia sources, with higher pollution levels
in winter compared to spring. In Kashgar, winter pollution air masses mainly come
from local, southern Central Asia, and northern Western Asia sources, while in spring,
pollution primarily originates from the Taklamakan Desert, with significantly higher
pollution levels than in winter.

This study reveals the spatiotemporal characteristics and transport mechanisms of
aerosol variation in Xinjiang, providing scientific references for regional atmospheric
environmental management and dust control. Future studies can further deepen the under-
standing of aerosol sources and evolution processes by combining chemical composition
observations and model simulations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/1s17132207 /s1.
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